An inhibitor of Streptococcus sobrinus endodextranase was detected in the extracellular fractions of UAB66 mutants identified following ethyl methanesulfonate mutagenesis as either devoid of dextranase activity (Dex-) or overproducing water-soluble glucan. The two groups of mutants had the same phenotype and displayed no dextranase activity in assays of extracellular fractions (H. Murchison, S. Larrimore, and R Curtiss III, Infect.
The ability of these organisms to synthesize extracellular glucans and to concomitantly bind these glucans is thought to contribute to cell adherence and accumulation on the tooth surface (16) . The enzymes involved in the synthesis of glucans have been characterized as extracellular, cell surface-associated glucosyltransferases (11, 24) . The discovery that the mutans group of streptococci produces a glucosyltransferase capable of producing ot-1,6-linked water-soluble glucan (WSG) sparked further interest in the possibility that the presence of an endodextranase (Dex) (9, 14) that releases oligosaccharides of the isomaltose series from dextran could play some role in adherence and aggregation in the sucrose-dependent step as originally suggested by Guggenheim and Burckhardt (14) . Although the precise role of Dex is not yet fully understood, there are several possibilities: (i) Dex (a-1,6-glucan 6-glucanohydrolase; EC 3.2.1.11) can partially degrade water-insoluble glucan (WIG) (4, 13) ; (ii) Dex can inhibit the production of WIG (10, 15, 20, 33, 37, 38) ; and (iii) Dex can inhibit the adherence of oral streptococci (10, 15, 20, 37) . Furthermore, the percentage of insoluble glucan synthesized has been correlated with the amount of Dex present (10, 38) , suggesting a regulatory mechanism in which Dex and glucosyltransferase compete for substrate (10) .
To understand the interaction of these factors better, a number of mutants of S. sobrinus defective in one or more of these virulence characteristics were isolated previously and characterized by our group (7, 22, 26, 27, 35) . Several mutants were found to inhibit the sucrose-dependent adherence of both mutants and wild-type parental strains (7, 22, 27) . All of these mutant strains produce colonies that are submerged in a clear viscous fluid, are devoid of Dex activity (i.e., are Dex-), and are unable to adhere to smooth surfaces (i.e., are Adh-). In the case of one well-studied mutant, UAB108 (26) , WSG was produced in great abundance and was apparently effective in inhibiting sucrose-dependent adherence of wild-type strains (27) . Further study of the ability of UAB108 to inhibit in vitro plaque and experimental dental caries formation by S. sobrinus 6715 showed that the inhibitor was a high-molecular-weight WSG produced by UAB108 (35) .
The absence of Dex activity in the S. sobrinus mutants coupled with the synthesis of copious quantities of WSG in the almost complete absence of WIG synthesis led us to speculate that Dex was somehow responsible for these multiple phenotypes. We therefore began to purify and characterize S. sobrinus Dex (2) , developed an analytical method to quantify Dex activity following blue dextran (BD)-sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (3), and cloned the dex gene in Escherichia coli (2 (17) .
MATERIALS AND METHODS
Bacterial strains and media. The following bacterial strains were used in this study: S. sobrinus 6715 strain UAB66 (Strr Spcr), serotype g (26); UAB108, UAB1 13, UAB158, UAB244, UAB440, and UAB500, which are Dex-mutants of UAB66 isolated after ethyl methanesulfonate (EMS) mutagenesis (26, 27) ; UAB119, a Dex+ mutant of UAB66 isolated by EMS treatment (26) ; UAB584, a Dex-mutant of UAB66 after treatment with EMS but selected as a SpaA-mutant by inability to be agglutinated by anti-SpaA sera mixed with Staphylococcus aureus cells (6) ; and E. coli K-12 X2831 [FlacYl ginV44 galK2 galT22 X(cI857 b2 redp3) recA56 AthyA57 metBl hsdR2] (19) and X2831 containing pYA902 (amp tet dex) (2) . All streptococcal strains were maintained at -70°C in 1% peptone (Difco Laboratories, Detroit, Mich.) and 5% glycerol and at -40°C in 50% glycerol. Strains were cultured at 37°C in brain heart infusion (BHI) broth (Difco) or chemically defined medium, FMC (36) , supplemented with 1% glucose (26) . The E. coli strains were grown at 30°C in Luria (L) broth (23) supplemented with thymidine at 40 ,ug/ml and tetracycline to select for maintenance of pYA902 (12.5 ,ug of tetracycline * HCl per ml for broth and 25 ,ug/ml for L-agar plates).
Assays. Dex enzyme activities were determined by the method of Somogyi (34) as modified by Nelson (28) for the determination of glucose. The assay consisted of a 30-min incubation of protein fractions in 50 mM sodium acetate buffer (pH 5.5) with dextran T-2000 (Sigma, St. Louis, Mo.) at 37°C under conditions of substrate excess. One specific unit of Dex activity was defined as 1.0 ,umol of reducing sugar generated per h per mg of protein. Dei activities were measured by the percent decrease in Dex activity. One specific unit of Dei activity was defined as the amount required to reduce 2 specific units of Dex activity by 50%. The total amount of protein contained in each sample was determined by using a bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.) with bovine serum albumin as the standard.
Preparation of protein fractions. Concentrated cell-free supernatant (extracellular protein fractions) of S. sobrinus UAB66 and its mutants were prepared as described previously (2) . Cellular fractions from S. sobrinus strains were obtained by disrupting the cell pellets with a Braun disruptor (B. Braun, Melsungen AG, Germany) with one-third volume of glass beads at maximum speed for 5 to 8 min with intermittent CO2 cooling. These fractions were dialyzed, lyophilized, and then stored at -20°C. Total cell fractions from E. coli and its recombinant clones were prepared by cell disruption in a Braun disruptor, and periplasmic fractions of E. coli clones were prepared by the cold osmotic shock procedure (18) . Gel electrophoresis and Western blot (immunoblot) analysis. Proteins were separated on a BD-SDS-7.5% polyacrylamide gel after in situ renaturation of Dex activity as previously described (2, 3, 21) . Dei proteins were analyzed by incubating the renatured polyacrylamide gels with external Dex [2,000 U isolated from E. coli x2831(pYA902)] in 150 ml of 50 mM sodium acetate buffer (pH 5.5) at 37°C for 1 to 2 days until the blue background disappeared. We found that some variability in removal of the blue background depended on which company's BD was used. We obtained the most consistent results by using BD 2000 purchased from Pharmacia (Uppsala, Sweden). A prestained set of molecular weight markers (Sigma) was used as molecular mass standards for SDS-PAGE. Extracellular fractions of UAB66 and its mutants and total cell fractions from recombinant E. coli clones were subjected to SDS-PAGE by loading approximately 10 jig of protein per well for Western blot analyses (12) . Anti-Dex serum made against purified Dex from E. coli X2831(pYA902) in rabbits (39, 40) was used as a primary antibody at a 1:1,000 or 1:3,000 dilution, and alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (Sigma) at an appropriate dilution was used as the secondary antibody.
Inhibition of Dex activity by extracellular protein fractions from UAB108. The percent inhibition of Dex activity was measured by two different ways: (i) a fixed amount of either extracellular protein fractions from UAB66 or periplasmic fractions from E. coli X2831(pYA902) was mixed with various concentrations of extracellular protein fractions obtained from S. sobrinus UAB108 cultured in FMC medium, and (ii) a fixed amount of periplasmic fractions from E. coli x2831(pYA902) was mixed with various concentrations of extracellular protein fractions from either UAB66 or UAB108. Dex activity was measured by the Somogyi assay to compute the percent inhibition after 30 min of incubation in 50 mM sodium acetate buffer (pH 5.5) with dextran T-2000 at 370C.
Heat stability and trypsin sensitivity of Dei. Extracellular protein fractions (7.0 jig) obtained from UAB108 were either boiled at 100°C for 15 min or not boiled before addition to 6.1 jig of extracellular protein fractions from S. sobnnus wild-type strain UAB66. Dex activity was measured by the Somogyi assay in order to calculate the percent inhibition. Extracellular protein fractions of UAB108 were incubated with or without trypsin (porcine pancrease; Calbiochem, San Diego, Calif.) for 1 h at 37°C, and then soybean trypsin inhibitor (Calbiochem) was added to stop the reaction. After a 5-min incubation at room temperature, Dex (UAB66 extracellular protein fractions) was added to the reaction mixture. The percent inhibition of Dex activity was calculated as described above.
Mode of inhibition. An enzyme kinetic analysis (8) for Dex inhibition was carried out with Dei from S. sobrinus UAB108 (extracellular fractions), Dex from E. coli with pYA902 (periplasmic fractions), and dextran T-2000 as a substrate. The inhibition of Dex activity was determined by adding substrate at various concentrations to a mixture of Dei and Dex. Two sets of experiment were performed using two different concentrations of Dei.
Relationship between Dei production and growth phase of UAB108. Growth curves for UAB108 growing in three different media (BHI broth, Todd-Hewitt broth [THB] , and FMC) were measured by optical density readings at 600 nm, using a Spectrophotometer 20. At zero time, several flasks containing equal volumes of media were inoculated with equal amounts of overnight-grown UAB108 culture and then were kept standing at 37°C. At different growth phases, total cell fractions (intraand extracellular fractions) were prepared as described previously from these individual cultures. The total specific activity of Dei was computed from the data obtained by the Somogyi assay with a fixed amount of Dex activity from E. coli X2831(pYA902). fractions from UAB66 and its mutants by using anti-Dex antibody showed Dex-positive reactions with different degrees of intensities for all strains (Fig. 1A) . Also, clear zones of Dex activity were shown for all strains by BD-SDS-PAGE after renaturation (Fig. 1B) . These results clearly indicated that these mutants (UAB108, UAB113, UAB119, UAB244, UAB440, UAB500, and UAB584), though Dex- or Heat stability and trypsin sensitivity of Dei. Data in Table 1 indicate that even after boiling at 100'C for 15 renatured and Dex-digested BD-SDS-polyacrylamide gel (Fig.  4) . These BD-binding proteins could either be strong glucanbinding proteins or Dei proteins. We observed a similar pattern of low-molecular-mass bands (43, 40, 37, 27, and 23 kDa) by BD-SDS-PAGE with or without heating extracellular protein fractions obtained from UAB108 which was cultured in FMC medium (data not shown). Upon incubation for a longer period in buffer solution with Dex, smaller bands eventually disappeared, leaving only the 43-kDa band. Band disappearance on BD-SDS-polyacrylamide gel could be variable as a result of factors such as (i) amount of Dex protein added to buffer solution, (ii) incubation periods in Dex buffer solution, and (iii) balance of binding affinity between Dei-Dex and Dei-BD. We also found that the lighter blue bands in the 180-kDa region were either reduced or altered compared with the wild-type strain UAB66 bands and, at times, completely absent. These bands could represent either glucosyltransferases or glucan-binding proteins. We observed that there was noticeable variation in the relative intensity of the different bands between different strains and between preparations made from a single strain on different occasions. A summary of data on the presence of Dex and of Dei production in UAB66 and its mutants is given in Table 2 . It was also noted that S. sobrinus wild-type strain UAB66 produced detectable but greatly reduced Dei activity compared with its mutants (UAB108, UAB113, UAB244, UAB440, and UAB500). However, no detectable inhibition activity was measured in extracellular protein fractions of UAB66 by the Somogyi assay because of a dose-dependent relationship between Dex and Dei.
Mode of inhibition. An enzyme kinetic analysis (8) inhibition showed that at a fixed Dei concentration, the percent inhibition decreased when the substrate (dextran T-2000) concentration was increased (data not shown). The straight lines with different concentrations of inhibitor intersect at a common intercept on the 1/V axis (y axis). The double-reciprocal plots in Fig. 5 show that the UAB108 Dei competitively inhibits Dex activity from E. coli(pYA902). This inhibition can be reversed when Dei is saturated with substrate; Dei and substrate compete for Dex activity.
Relationship between Dei production and growth phase of UAB108. Figure 6A is a BD-SDS-polyacrylamide gel showing that in BHI and FMC media, Dei was most highly produced by UAB108 between mid-exponential and late exponential phases, dropping off sharply by stationary phase in extracellular fractions. In contrast, in THB medium, production of Dei increased slowly and reached a maximum at stationary phase. Similar results were observed for Dei specific activity measured by the Somogyi assay on UAB108 intracellular and extracellular fractions (Fig. 6B) . Even though the highest yield and specific activity of Dei were obtained in FMC medium, more frequent occurrence of breakdown fragments was also observed. We speculate that the buffering capacity of the medium and/or protease production affects Dei production. Dei activity a Glass tubes of PD + 1% sucrose were inoculated and incubated standing at 37°C for 24 h; each was scored for adherence to the tubes. Overnight cultures (10 ml) were spotted on BD agar and incubated anaerobically at 37°C for 72 h (26) .
" Assayed by the Somogyi assay. c Values for mutant strains compared with parent strain UAB66 are as follows: 3+, more than parent; 2+, equal to parent; 1+, less than parent.
of UAB66 when cultured in FMC medium was not detectable at any growth phase either in the intracellular or the extracellular fractions by the Somogyi assay because of a dosedependent relationship between Dex and Dei. However, Dei was detected by BD-SDS-PAGE (Fig. 6A ).
DISCUSSION
Murchison et al. (26, 27) isolated S. sobninus mutants that produced copious quantities of WSG. Most of these mutants were Adh-and showed very low cariogenicity in gnotobiotic rats (35) . Cocultivation in sucrose-containing media of these mutants with wild-type strains of all serotypes in the S. mutans group led to a significant reduction in the ability of the wild-type strains to adhere (22) . Cocultivation of the wild-type and Adh-strains in gnotobiotic rats fed a caries-promoting diet also resulted in reduced caries (22) . The addition of the WSG isolated from the Adh-mutant (presumably containing contaminating proteins) also was effective in reducing cariogenicity by wild-type strains (35) . (29) used slowly growing cultures with glucose-limiting (0.5%) media, resulting in less production of an endodextranase. The effect of media on Dei production may also be due to a difference in the buffering capacity of each medium to reach the maximum growth. The mechanism by which Dei inhibits Dex, which in turn contributes to the shift in synthesis from sucrose of WIGs to WSGs, is not yet clear and is under study. At this point, we can only postulate that glucosyltransferases, Dex, and Dei are regulated in a somewhat interrelated way. In any event, this could be the first example of the synthesis of a cell surface-or a cell-associated protein that regulates the enzymatic activity of another cell surface protein which is involved in the synthesis of a complex macromolecule responsible for adherence.
